Abstract Local scouring action downstream of clear over-fall weirs associated with three-dimensional turbulent flow field is a common morphological problem in mobile channel bed. The objective of this study was to assess and quantify the impact of hydraulic structural measures (double lines water jets) on minimizing the scour-hole dimensions downstream of a Fayoum type weir. Ninety runs were conducted considering flow Froude number, different jet discharges and locations. The experimental program was performed under the clear-water scour conditions for a quasi-equilibrium scour hole. A reference case of flat floor without water jets was included in order to evaluate the influence of using the proposed measure. The experiments' results confirm the acceptability and the effectiveness of the proposed measure (floor water jets) in enhancing the flow hydraulic conditions and the local scour dimensions downstream of hydraulic structures. 
Introduction
Weirs are low head hydraulic structures constructed in watercourses for limiting excessive channel-bed degradation, raising the upstream water level, and reducing the flow velocity. In addition, weirs are being used as a protection measure downstream of barrages and regulators, through net head reduction. In steep slope, straight channels, several consecutive weirs can be constructed, if necessary, to control the flow pattern. While the implementation of weirs locally changes the channel-bed and the water surface elevation, they are not only influencing the flow pattern, but also resulting in local scour just downstream its location.
Local scour downstream of hydraulic structures such as low head and high head structures is an important research field due to the significant safety value of those structures. For practical purposes, the most important scour parameters are the scour hole dimensions (i.e., maximum scour depth d s and length L s ) at the equilibrium phase. Therefore, maximum scour depth and length have been widely studied, providing a selection of empirical equations, Bormann and Julien [1] , Chen et al. [2] , D'Agostino and Ferro [3] , and Marion et al. [4] to be applied to the design of weirs.
Several different techniques were tested and applied to reduce the local scour in previous studies such as the use of splitter plates or collars. Appurtenances such as sills and chute blocks were often installed to help increasing the performance of a stilling basin, Edward [5] and Peterka [6] . In the same context, baffle blocks installed on stilling basins were also utilized to stabilize the formation of the hydraulic jump and increase the turbulence, thereby assisting in the dissipation of energy. Blaisdell [7] , El-Gamal [8] , El-Masry [9] , El-Masry and Sarhan [10] , Fahmy [11] , Peterka [6] , Pillai [12] , Pillai and Unny [13] , and Vischer and Hager [14] studied many different baffle block shapes. Yassin et al. [15] investigated the effect of the drop downstream of clear over-fall weir. While Abdel Razek and Baghdadi [16] , Hitham et al. [17] , Nashat [18] , and Saleh et al. [19] studied the effect of a sill on the scour hole characteristics downstream of stilling basins have.
Helal [20] , studied the effect of installing a single line water jets to the floor of the hydraulic structures to minimize the scour hole dimensions and concluded that the system of floor water jets can reduce the cost of energy dissipating stilling basin. He concluded that for the optimum location of a single line water jets, increasing the jet discharge will lead to increasing the maximum scour hole depth, and length. The author's opinion is that, this may be referred to the eddies that produced by the water jets. So, the present research tries to mitigate the maximum scour hole dimensions and to minimize eddies produced from the jets system by redistributing the water jets discharge of a single line into double lines.
Before implementing this system in the prototype, the verification of such a system requires further experimenting.
The present study is thus an attempt to extend the previous efforts by investigating the effect of double lines of water jets downstream of heading-up structures. The main purpose of this investigation is to provide precise detailed measurements downstream of a special Fayoum type weir after introducing double lines of water jets, and to simplify the design. Fig. 1 shows a definition sketch of the involved phenomenon and indicates the related variables or parameters. The dimensional analysis was employed to derive a general expression relating the different variables affecting the phenomena. The following relation can express the parameters that considered for the dimensional analysis:
Dimensional analysis
where d s is the maximum scour depth, L s is the maximum scour length, B is weir width, d is the jet pipe diameter, d 50 is the mean particle diameter, h is the weir operating head, g is the gravitational acceleration, L f is the floor length, L p is the distance between water jet lines, L j is the distance from the weir toe to the center of water jet lines, S is the distance between jets, S o is the bed slope, V is the mean flow velocity, V j is the jet flow velocity, Y t is the tail water depth, q is the water mass Figure 1 Layout of the double lines of water jets and related parameters. density, q s is the soil particle density, and l is the water dynamic viscosity. Through this study, B, d, d 50 , g, L f , L j , S, S o , q, q s , and l are kept constant. Therefore, by using Buckingham pi-theorem, the following dimensionless relationship was obtained:
In which F r is the tail Froude number, R n is the Reynolds number based on Y t . For large values of the Reynolds number, viscous effects may be neglected in this study, Q j is the total jet discharge passes through the double lines (discharge of each line = Q j /2), and Q is the main discharge of the flume, Q = (V. B. Y t ).
Experimental arrangement
The experimental investigation was carried out in the hydraulic laboratory of Civil Engineering Department, Faculty of Engineering, Menofia University, Egypt. A flume of 18-m long, 0.60-m wide and 0.60-m deep was used, Fig. 2 . Water was pumped to the head tank from a ground sump. A bolder gravel box was fixed at the entrance of the flume downstream of the head tank to absorb any flow eddies. Calibrated sharp crested weir was built up at the downstream end of the by-pass channel to measure the flow discharge passing through the channel. An adjustable tailgate was installed at the flume end to control the water level within the flume. For measuring the water depths and bed levels at different locations of the channel, an x-y carriage was positioned on two rails on the two channel sides. A point gauge was employed on the carriage to measure both the water levels and bed levels in the longitudinal and the transverse directions of the channel. The point gauge can measure the depths with an accuracy of ±0.1 mm. The movable bed was simulated by a sand material of mean diameter, d 50 of 0.70-mm and standard deviation, r of 1.3. The grain size of the material forming the erodible bed was kept the same for all the tested runs to provide a proper comparison under similar conditions. The Fayoum type weir model which is made of timber material was used as a low heading-up structure. The weir has 50-mm crest width, 0.50-m crest length, 0.197-m height, slope of 1:3, and two side contraction wing walls of 50-mm width each. These two side walls were used to fix a rubber punched pipeline used as aeration at the toe of the weir. A solid floor of 1.0 m length and 0.60-m width was made of Perspex to avoid the deformations under the water action. The floor was fixed on wooden frames every 0.20-m.
The solid floor was punched to fix rows of the water jets, Fig. 2 . The water jets were pumped from PVC pipes of 25-mm diameter. These pipes were fixed and embedded in the solid basin. The distance between water jet lines in the flow direction was equal to one fifth of the floor length (L p = L f / 5). The jet discharge was controlled using a system of control valves and measured using a flow meter. The jet discharge was pumped from the embedded pipes in the solid floor taking the upward direction striking the main flow.
Ninety runs were conducted throughout the experimental program of this study and categorized into two sets. For each set of the experimental work, three flow discharges were tested (Q = 10.6, 13.9, and 17.6 l/s). Table 1 , shows the experimental flow conditions. For each flow discharge, three downstream water depths were used. The first experimental set was carried out using a set-up of horizontal apron without water jets. This set included 9 runs and was considered as a reference case in order to estimate the influence of using floor water jets. The second experimental set, which was carried out using double lines of water jet, included three locations of floor jets (i.e. L j /L f = 0.3, 0.5, and 0.7). For each location of water jet, three jet discharges were tested (Q j = 0.40, 0.80, and 1.60 l/s), Fig. 2 and Table 1 . This set included 81 runs. Each test was carried out as follows; after filling and accurately leveling the flume with the bed material, the tailgate will be closed completely and the backwater feeding will start until the water depth goes higher than required, then, the upstream feeding will be pumped. To adjust the water depth, the tailgate is tilted gradually. When the required water depth is reached, the water jet discharge will be selected. After reaching the equilibrium flow conditions, the zero time of each test will start. The running time for each test was adjusted to be 4 h, which is practically sufficient for most of the tests to reach a quasiequilibrium state of scour. After the running time, the run will be stopped and the flume will be drained, then scour hole profile along the centerline of the flume will be measured employing a precise point gauge.
Results and discussions
A Potassium permanganate solution was injected in order to visualize the flow pattern. Based on the observations during the experimental work, when the flow strikes the upward water jets from the floor, the flow is deflected upward and eddy currents were produced. As sketched in Fig. 3 , the deflected upward flow and the jets from the floor are considered as an effective measure to damp out the excess of energy downstream of a hydraulic structure and provide a better performance of stilling basins.
Experiment results were grouped into dimensionless terms and the relationships were drawn to study the effect of the suggested system of double lines floor water jets on the scouring dimensions, d s and L s .
Effect of double lines floor water jets on the scour hole dimensions
Results were analyzed in order to clarify the effect of double lines water jets system on the scour hole dimensions. The first group (Q = 10.6 l/s) is graphically presented as an example, for the comparison purpose. 
Effect of double floor water jets on the scour length
To illustrate the effect of F r values on the of L sw /Y t values, Fig. 9 clarifies the influence of increasing kinetic flow factor, k À1 on the maximum scour length before installing the water jet system, (Q j /Q = 0). It is obvious that the maximum scour length is decreasing with the increasing of k
À1
. The values of maximum scour length in case of floor without water jets are in good agreement with those obtained by Helal [20] .
To show the effect of water jet positions on the length of scour hole, for the considered jet discharges, Figs 
value of L s /Y t decreases as k À1 increases. For all considered arrangements of floor water jets, kinetic flow factor, k
, has high effect on the L s /Y t value. For all considered arrangements of floor water jets, the sensible Q j /Q value of 0.15 gives the smallest value of L s /Y t and the value of Q j /Q = 0.04 gives the highest value of L s /Y t , which means that increasing the Q j /Q value will decrease L s /Y t value. For all considered arrangements of floor water jets with all tested values of k
and Q j /Q, increasing L j /L f leads to decreasing L s /Y t . This means that when using higher values of L j /L f , more reduction in scour length will be resulted. For all considered arrangements of floor water jets with all used values of k À1 , the influence of the Q j /Q on the L s /Y t value is more significant than that of L j /L f value. Generally, for all considered arrangements of double lines of floor water jets, using L j /L f = 0.7 and Q j / Q = 0.15, a maximum reduction in the scour length will be obtained and ranges between 49% and 76%. Fig. 13 illustrates the relation between L s /Y t and L j /L f for all tested flow conditions (Q = 10.6, 13.9, and 17.6 l/s). From this figure, it is obvious that the L s /Y t value is decreasing as the L j /L f value is increasing. The most efficient case of double lines floor water jets position is obtained when L j = 0.7 L f , which produces the maximum reduction in the scour length.
It can be concluded that for the optimum location of double lines water jets, increasing jet discharge values will lead to decreasing the maximum scour hole depth, and length. This is actually in contradiction of the case of a single line of water jests, and this means that the redistribution of the water jets discharge of a single line into double lines succeeded in mitigating the maximum scour hole dimensions. It was clear that the location of floor water jets between the upstream and downstream conjugate depths of the hydraulic jump provided a sufficient and better dissipation of the energy. This is, represented by the smallest values of d s , and this may be referred to the smallest flow depth at that location, and to distribute the flow velocities. In this way, the results analysis is indicating that the system of double lines floor water jets is an acceptable and effective technique that should be further investigated from the economical point of view.
Derivation of maximum scour parameters
It is important to predict the maximum scour depth and length for the different investigated cases because the maximum scour depth and length are two important design parameters. Based on the experimental data and employing the statistical methods for the analysis of the data corresponding to the different flow conditions, several models were proposed and their coefficients were estimated. Also, predicting equations of the maximum scour depth and length for the double lines jets floor can be presented as follows: 
Fig. 14 presents a comparison between the measured and the calculated relative scour depths (d s /Y t ) using Eq. (3). Fig. 15 compares the measured and the calculated relative scour lengths (L s /Y t ) using Eq. (4). It can be noticed that the calculated data agree well with the measured one, as the standard deviation R 2 equals to 0.73 and 0.74, respectively. The developed model of these equations was validated using the tested flow conditions.
Conclusions
Based on a laboratory study the changes in local scour dimensions downstream of a Fayoum type weir with a horizontal apron due to the implementation of a double line of floor water jets were studied for a range of tail Froude numbers ranged from 0.14 to 0.30. Three values of the relative jet positions L j /L f from 0.3 to 0.70, and nine values of the relative jet discharges Q j /Q from 0.02 to 0.15 were tested. The following conclusions are drawn:
All values of d s /d sw and L s /L sw are less than 1.0, consequently the proposed system of double lines of floor water jets, reduces both the maximum scour depth and the scour hole length, and moves the location of maximum scour depth closer to the floor. This may endanger the whole structure if the bed downstream of the solid apron is not protected against scour. Increasing the relative jet discharge decreases the maximum scour depth, and length. Decreasing Froude number led to decrease the maximum scour depth and length and to move the location of maximum scour depth toward the basin. For all considered arrangements of suggested system of double lines floor water jets, using L j /L f = 0.7 and Q j / Q = 0.15 gives the maximum reduction in the scour depth values that ranged between 5% and 68%.
For all considered arrangements of suggested system of double lines floor water jets, using L j /L f = 0.7 and Q j / Q = 0.15 gives the maximum reduction in the scour length values which ranged between 49% and 76%. Good agreement between the proposed statistical equations and those of the experimental measurements was obtained. The study results indicated that the system of double lines floor water jets is an attractive technique that should be further investigated from the economical point of view. 
